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Abstract
With a full space program in progress, new types of materials are needed for
spacecraft construction. These materials need to be strong, have good thermal stability
and be good insulators. One of the materials with these properties is Kapton,
manufactured by Dupont. Being a polyimide, it provides these characteristics, and being
quite stable to ultraviolet light makes it the best of its kind for space use. The only
concern is that, at the altitudes where earth observing spacecrafts orbit the earth, high
concentrations of monoatomic oxygen (AO) react with the organic material and produce
CO and H20. In an attempt to solve the problem, layers of protective paint or silicon
oxide are used to coat the surface of the polymer. They seem to protect the material
very well but, after long exposure to the AO, the coatings crack causing corrosion of the
polymer underneath. Silicon blends with Kapton were also subjected to AO at length,
but harmful fumes are produced contaminating adjacent components, e.g. solar arrays.
Using the silicone Kapton blend as a reference point, other chemical elements
were evaluated to find a similar protective mechanism without the contamination
problem. Zirconium (Zr) was the element of choice. Besides producing stable oxides, it
is heavier than silicon and doesn't produce fumes. As for the silicon blend, the Zr
additive
{Zr(acac)4}2
will be introduced throughout the polymeric material. Upon the
attack of the monoatomic oxygen, a layer of Zr oxide will eventually be formed and
polymeric material will remain underneath it. In case of any crack formation, there will be
enough material left to form more oxide and stop the polymeric oxidation.
Zr(acac)4 is a commercially available additive.
viii
Several techniques were used to characterize the films made from the polymer
containing the additive, and to answer questions such as: (1) How is the strength of the
material affected by the addition of the additive?, (2) How long does it take to form the
oxide surface and how much polymer material is left underneath?, (3) Is the addition of
Zr(acac)4 a good choice or does it cause phase separation?
It has been found that the addition of the additive reduces the strength of the
material about 50%, i.e., not to an extent that it becames useless. Plasma studies show
that as the concentration of Zr in the Kapton is increased, the rate of erosion is
reduced about 75%. With state of the art electron microscopy and atomic force
microscopy, no evidence of phase separation was observed. Instead, some particles
were found in the films, their concentration independent of the concentration of the
additive.
In summary, the addition of the Zr(acac)4 inorganic additive causes a trade off
between tensile strength and AO resistance.
IX
Chapter 1. Introduction
New types of materials are being developed for the construction of space
satellites, communication devices in space and even for the future International Space
Station (ISS). These kinds of devices need a good protective material, so they can
withstand the environmental conditions of Low Earth Orbit (LEO). These altitudes are
about 60 to 180 km from the earth surface. See Figure 2.
These regions are known as the ionosphere because ions are prevalent.
Because of the rarefied atmosphere and the effects of ionizing radiation, oxygen in the
upper atmosphere exists in forms that are different than those at lower levels. In addition
to molecular oxygen, 02, the upper atmosphere contains high concentrations of oxygen
atoms, O, excited oxygen atoms, and ozone, 03. The atomic oxygen (AO), the major
component of this very thin atmosphere, is very reactive and is generated by the
photodissociation of oxygen by solar photons having shorter wavelengths than 2430
angstrom (A). See Figure 1.
02 + hv -> O + O
Figure 1. Photodissociation of oxygen.
Only 16 % of the solar energy has the energy required to photodissociate the
oxygen, but because there is low concentration of oxygen molecules, a large percent of
them are converted to atomic oxygen, i.e. rates of dissociation are higher than rates of
re-association in this
case.2
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Figure 2. Major regions of the atmosphere (not to scale).1
Materials used for the construction of these space devices are based on
polyimides because of their high electrical resistivity, strength and insulating properties.
The only problem is that they can not stand the atomic oxygen impact/exposure which
causes erosion of the material. This erosion causes a decrease in the thickness of the
polyimides and with time its complete consumption.
Collisional energies of the oxygen with the surface of the polymer are enough to
break chemical bonds and to oxidize organic and some metallic materials. Byproducts of
this atomic oxygen include the liberation of C02, H20 and nitrogen oxides. See Figure 3.
Figure 3. Reaction of polyimide with monoatomic oxygen. Reaction is not
balanced as it only shows the products it generates.
Taking into consideration the requirements for the durability of these vehicles in
space, use of the polymer alone is not good enough. Considering the anticipated fifteen
years minimum life of the ISS, polyimides which are eroded away in a matter of months
are inadequate.
Cost is crucial but the tradeoffs must be considered to prolong the life of
these space devices. It is preferred that somewhat expensive materials with long
life be used rather than inexpensive ones with frequent replacement. The latter will tend
to be more expensive in the long run.
The actual polymer used for construction of the space devices is the polyimide
known as Kapton , which is manufactured by Dupont. Kapton is produced by the
imidization of a polyamic acid (PA). The polyamic acid is made from the reaction of
pyromellitic anhydride (PMDA) and oxy,bis(4-aminophenyl) (ODA). See Figure 4.
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Figure 4. Reaction to obtain polyamic acid.3
After the polyamic acid is obtained, it is converted to the polyimide by the
imidization process. This process consists of three heating steps each at a different
temperature. The first one at 100 C causes evaporation of most of the solvent from
the sample, the second one at
200 C finishes the evaporation of solvent and starts the
conversion of the polyamic acid to a polyimide, and the last one at 300C finishes the
conversion3. The latter two heating steps cause water to be liberated. See Figure 5.
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Figure 5. The imidization process. 3
Kapton was selected as a thermal control because it has low density
(compared to metals), good UV stability, good flexibility and high strength. Continuing
use of Kapton then requires new approaches for AO protection. The most viable
alternative, when compared to use of paint coating or fibers, is the use of inorganic
additives.
Fiber Additives
The use of epoxy-fibers in Kapton is one method providing temporary AO
protection. Even though the mass loss of the protective surface is not significant, the
removal of the epoxy to expose the fibers is a concern. Any handling, debris collision or
stress will cause the fibers to break and get loose from the surface leaving the polymer
without
protection.4
Protective Coatings
Another type of protection is the use of paint coatings. These paints are coated
on the surface of the polymer and they seem to help reduce the AO erosion of the
material. After some exposure to the atomic oxygen, though, the coating starts to crack
and some atomic oxygen starts to penetrate the coating causing erosion of the polymer
underneath it. Another problem with paints is that any bubbles or pinhole defects allow
erosion of the polymer underneath, and, in the event of debris collision or paint removal,
no further protection is available.5
Silicone Additives
Silicon oxides of the type SiOx and more commonly Si02 result in excellent
protection for polyimide materials. These oxides arises from AO erosion of
silicones which are applied to the surface of the polymeric material as layers or
are just sprayed onto it. It has been observed that, when treated in plasma
ashers (which simulate the vacuum of space as well as the atomic oxygen
erosion), the treated polymer erodes at rates that are slower than the plain
unprotected material. This is a result of the glassy Si02 surface produced in the
areas where the atomic oxygen has made
contact.6
Silicon in the form of silicone (polysiloxane) is used because the R groups
attached to the chains are organic and help the Si to disperse well in the Kapton
polymer. Remember that organic and inorganic don't mix well, like oil and water. If the
silicon oxides are not well dispersed, organic areas will erode much faster than the
areas containing the silicon oxide.
The liberation of dark fumes that get darker with time of exposure to atomic
oxygen, is another shortcoming of silicone-Kapton blends. These can contaminate
some of the adjacent components on these space devices, an example being the
solar
arrays.6,7See Figure 6.
O O Q Q
BROWN CONTAMINATION
Figure 6. Contamination of adjacent areas of solar arrays after reaction of oxygen
with silicone oxides.
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Concerns with this alternative are not based on the material's durability,
but more with the number of pin holes and non-uniformities produced during
manufacturing.
New Inorganic Additives
Because no viable alternative has been found that could protect Kapton from
the atomic oxygen attack without contamination, other inorganic additives need to be
considered. Using the silicon additives results as a starting point, we see that forming
metal oxide layers seems to work if no contamination is produced from the reaction with
`99
the atomic oxygen. Looking into the properties of Si (group IVB), we observed that
group IVA of the periodic table has similar properties as group IVB. They both have
some free d orbitals and four valence electrons. See Figure 7.
Know: Si 3s2 3p2 3d0 group 14
(group IVA)
Try: Ti 4s2 3d2 +
*
some group 4
Zr 5s24d2+ - empty
d orbitals
(group IVB)
Figure 7. Valency and free orbitals for groups IVA and IV B.
We can choose the heavier element from group IVB and expect that, because it
is heavier than silicon, no fumes or volatile contaminants will be produced from the
reaction with atomic oxygen. Thus, zirconium (Zr) is chosen to do the same job as Si.
When zirconium complexes were studied it was found that they are stable, cheap and
don't produce harmful fumes as does
silicon.8From the variety of Zr complexes
available, Zr(acac)4 was observed to give homogeneous films having the highest Zr
concentration9. See Figure 8.
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Figure 8. Zirconium acac complex.
This complex consists of a Zr surrounded by organic material. This organic
material will help the complex to be well dispersed in the polymer. The distribution and
homogeneity of the metal in polyimides have been studied by M. Nandi, et. al. with
metals such as Cr, Ti, Si, and Fe.10 Since Zr is in the same family as Ti, its oxidation is
expected to be similar .
If the metal complex is well dispersed in the polymer, it could create a Zr oxide
barrier to the penetration of the atomic oxygen into the polymer surface. The collision of
oxygen with the metal will produce zirconium oxide (Zr02) which is very stable. Some
polymer surface will be eroded away by the atomic oxygen but eventually a metal oxide
layer should be formed all over the polymer that will protect it from further oxygen attack.
In the event that debris or meteoroids collide with the protective surface and take away
a piece, or create pin holes, the exposed Zr complex will react with any atomic oxygen
that enters the pin hole, become oxidized, and block the propagation of any cracks or
defects under the oxide layer.See Figure 9.
Figure 9. (a) Kapton surface without atomic oxygen erosion, (b) Kapton
surface with erosion started, (c) Kapton surface with oxide layer formation, (d)
Debris hits Kapton surface, (e) Formation of oxide layer in area of debris
contact.
10
No harmful fumes or abrupt reactions are associated with the oxidation of
Zr, unlike the lighter elements tested.11 The reaction of the zirconium complex with atomic
oxygen generates the zirconium oxide, water and carbon dioxide. See Figure 1 0.
+ o
atomic
oxygen
ZiO2+C02+H20
Figure 10. Reaction of atomic oxygen with the zirconium complex.
Studies must now be done on this Zr complex composite in order to test its
viability. The experimentation must show how the properties of the material change with
the addition of this additive and demostrate that in fact it reduces the erosion of the
polymer by atomic oxygen attack. Some aspects of the study include analysis of
samples containing different amounts of the complex to see how their AO erosion rates
differ and how the strength of the samples is affected. Using surface analysis
techniques such as Scanning Electron Microscopy (SEM), and Atomic Force Microscopy
(AFM), any changes to the surface of the samples due to AO erosion can be detected.
Once the films are obtained, their thickness is measured using a Sloan Dektak
profilometer. See Figure 1 1 . This is an instrument for measurement of surface profiles
and surface elevations from a minimum of 25
A
up to a maximum of 1 ,000,000 A. In
this method films on the substrate are placed over a movable platform, where a needle
n
lays on top of the film. When the platform moves it will cause the needle to move over
the film surface until it reaches its edge and falls onto the substrate surface.
The rise and fall over the surface of the sample is recorded on a chart and the
reading is then converted to the thickness of the film using the appropriate conversion
factors. See Figure 12.
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Figure 11. Profilometer instrument.
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Figure 12. Profilometer output. 11 Point A represents the needle moving over the
surface of the film and point B the rise and fall over the sample edge.
Mechanical Testing
One way to observe the physical properties of the film, such as strength
and deformation, is to perform mechanical tests on it. One of the typical ones is tensile
testing.
Tensile testing will be used to evaluate the strength of the films prepared and
the maximum deformation they can handle. In this method the sample being tested is
pulled to failure over a short period at a constant rate. An Instron instrument is used
and ASTM standard #886 is followed. See Figure 13.
13
Figure 13. Instron instrument.12
A load is applied to the film sample and plotted on a moving chart paper. At the
same time the elongation will be plotted as well. The values of load and elongation are
then converted to stress (load/cross sectional area of film) and strain (elongation/original
gage length). With these values on hand a plot of stress vs. strain is prepared and from
the curve the ultimate tensile strength is obtained as the maximum point on the curve
and reported in psi or Pa.
Because of the sample's thermoset behavior, the maximum elongation can be
evaluated from the ultimate tensile strength which corresponds to the point of failure or
when the fims breaks. The expected behavior of a film of Kapton should resemble the
behavior shown in Figure 14.
14
Figure 6. Behavior expected for tensile test on Kapton.13The chart is intended to
show shape of the mechanical behavior of Kapton.
Pneumatic grips are used. This type of grip offers better grasp of samples and
allows the sample to break in the middle and not near the grips. More than 3 samples
are run for each data point and the results are averaged. The variation between
samples is less than five percent.
Atomic Force
Scanning probe microscopes (SPMs) are a family of instruments used for
studying the surface properties of materials at the atomic to micron level. All SPMs
contain the components illustrated in Figure 15.
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Figure 15. Schematic of a generalized scanning probe microscope
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Atomic force microscopes probe the surface of a sample with a sharp tip,
approximately 2 microns long and often less than 100 angstroms in diameter. The tip is
located at the end of a cantilever 100-200 urn long. Forces between the sample and the
tip cause the cantilever to bend or deflect. A detector measures the cantilever
deflections as the tip is scanned over the sample, or the sample is scanned over the tip.
This information allows a computer to generate a map of the surface topography.
When using polymer samples a variation of the AFM experiment is used. This
variation is known as the tapping mode. Here the cantilever oscillates at its resonance
frequency with a high amplitude on the order of 1000 A0. The tip touches the sample
during each oscillation. This technique is less likely to damage the sample than contact
techniques, because it eliminates lateral forces such as friction. The tapping forces are
higher than capillary forces
(10"6
N) and allow the tip to penetrate a drop of water. See
Figure 16.
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higher than capillary forces
(10"6
N) and allow the tip to penetrate a drop of water. See
Figure 16.
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Figure 16. Comparative schematic depicts contact and no contact AFM
images of a surface with a tiny droplet of water.
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The instrument available does not allow for atomic resolution but the resolution
possible is good enough to obtain a surface topography of the film samples to
100 urn X1 00 urn.
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Plasma Resistance
An oxygen plasma reactor will let us understand the behavior of the films under
simulated space conditions, particularly AO attack. See Figure 17 This instrument
consists of a solid state driver and two vacuum tube power amplifiers operated in
parallel to conservatively provide a continuous wave power of 100 watts. Power
transfer to the reactor chamber is accomplished by the electric field between the
semitubular electrodes.
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Figure 17. SPI-Plasma Prep II instrument. The sample is placed in point B and
the monoatomic oxygen bombards the sample (coming out from rod shown in
point A).
The plasma process in the chamber is obtained through the use of a low
pressure RF induced gas discharge of typical pressures of 50-120 urn4. The material
specimen is loaded into the reaction chamber. The chamber is evacuated to vacuum.
Gas is then passed through the chamber, in our case 02, and a radio frequency power
18
of around 13.56 MHz is applied. This is enough to cleave the 02 molecules into excited
atomic oxygen that will hit the sample. Electrons produced in the ionization of the gas
gain energy in the electric field. This causes a chain reaction of the molecules,
producing more ionic atomic oxygen.
The AO erosion process is one of oxidation. The reactions occur nearly at room
temperature and any gases produced in the chamber are taken out in the gas outlet
stream.
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Figure 18. Expected behavior for protected Kapton (with inorganic additive) and
unprotected
Kapton.13 Chart is intended to represent that unprotected Kapton
erodes faster than protected Kapton.
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Scanning Electron Microscopy
Another technique that looks on the surface of the samples is known as
scanning electron microscopy (SEM). See Figure 19. Here a sample is bombarded with
a beam of electrons generated from an electron gun. The gun is basically a tungsten
filament that is exposed to a current to obtain the electrons. The electrons emitted are
accelerated down a column by using a high voltage anode. The trajectory of the
electrons in the column is not linear and that is why a set of lenses are needed. These
lenses are a set of magnetic coils that take the diverging beam and convert it into a
converging beam at a focal point. The last step is to have the beam hit the sample. This
is achieved by using an objective lens. The objective lens takes the beam and focuses it
onto the sample surface. The amount of beam the samples sees is determined by the
aperture of the objective lens. See Figure 20.
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Figure 19. SEM Instrument 16
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Figure 20. Objective lens and electron beam hitting a sample
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After the sample is hit with the beam, a set of signals is generated. See Figure
21 . From all these signals only secondary electron emissions are collected. These
signals are converted into topographic information of the sample. Secondary emissions
give good information about sample surfaces and are not hard to obtain.
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Figure 21. Signals generated after e-beam hitting surface of sample on
SEM.16
If we collect the X-rays generated from the film after the beam hits the surface,
a qualitative and quantitative analysis of the elements present in the film can be made.
This technique is known as Energy Dispersive X-ray analysis. The principal way this is
done is by analyzing the X-rays generated when the electron beam interacts with the
sample. X-rays are generated when the primary beam ejects an inner shell electron thus
exciting the atom. As an electron from an outer shell drops to fill the vacancy and
deexcite the atom, an X-ray is emitted. The energy of this X-ray is specific to each
individual element in the periodic table and is also specific to what particular electron is
ejected and what particular electron dropped to fill the vacancy.
The analysis can be done two ways, by Energy Dispersive (EDS) or Wavelength
Dispersive approaches. In our case, we will use the EDS approach. As the name
implies, this method sorts the X-rays according to their difference in energies. In an EDS
22
detector, an X-ray photon is converted into a charge pulse within the EDS
semiconductor detector. This charge pulse is then converted into a voltage with an
amplitude equal to the energy of the incoming X-ray. The voltage is then supplied to a
multi channel analyzer which sorts the pulses and displays them as a continuous
spectrum of all elements present. See Figure s 22 and 23.
^s
Electron
eosumn
KU)
detector
Electrons rf rv
Pnsmp unj
temple
f\
PulM
processor
JU Energy.Jo-digital
converts*
Multi-
Channel
nalyttr
Keyboard
D'S*
Storage
system
Mini-
Cornputar
Figure 22. Schematic of a typical EDS system. 15
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Optical Microscopy
We can use optical microscopy if we only want to take pictures of the film
surface at low magnifications. Two techniques were used for this research, Brightfield
and Darkfield microscopy.
In Brightfield microscopy photons are emitted from the illumination source and
pass through the aperture and field diaphragms and strike the beam splitter. These
24
photon rays are directed towards the object plane. Light rays striking the object plane
are reflected back through the objective. See Figure 24.
This technique will give us a highly magnified and distinct image with true
specimen color. The complementary approach is using Darkfield Microscopy. Here a
darkfield annulus is inserted into the ray path prior to the beam splitter. This annulus
prevents rays from passing through the central portion of the objective as in Brightfield.
Instead, the rays proceed around the darkfield stop and are deflected to and strike the
sample at an oblique angle, not perpendicular as in Brightfield. Thus, any featureless
specimen will appear black. Any specimen with features which refracts or causes
scattering of light will stand out clearly. See Figure 25.
LIGHT
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Figure 24. Brightfield Microscopy
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Chapter 2. Experimental
This chapter will include all parameters, techniques, procedures and
equations used in testing the polymeric film of Kapton.
Sample Preparation
Samples were made as films on a glass substrate, then peeled off for later study.
Of the different substrates that could be used, glass was chosen because it provides the
smoothest surface possible to make more uniform films at lowest cost. Other types of
substrates could be used, such as silicon wafers. To prepare samples of sufficient size,
mirrors with the back scrapped off are used. These mirrors were about 5 by 10 inches
and commercially available.
Before the polymer composite solutions are made using the complex, the purity
of the complex was checked using two tests. One of the tests checks the melting point of
the complex, which should be 195C. The other test is that the complex dissolves
completely in benzene. Particulate impurities will be seen in the bottom of the vial when
dissolving in benzene since they are not soluble in the solvent.
In case the purity of the complex is not correct, that is a melting point below
195s
or it does not completely dissolve in benzene, the following procedure was used to purify
the complex:
1 . Weigh desired amount of the complex and dissolve in benzene.
2. Filter to remove the insoluble impurities.
3. Add hexane to the remaining solution to precipitate the complex.
4. Let the solution stand for about 3-4 hours, if necessary in a refrigerator.
5. Filter and collect the solid which is a more pure complex.
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6. Verify purity. If still under desired purity repeat, procedure. This refers to
melting point and impurity precipitation.
Samples containing the complex were prepared as follows: the complex which is
a solid was dissolved in a solvent, in our case 1 -methyl -2 pyrolydone (NMP), using the
following dilution factors.
Table 1 . Dilution factors for preparing samples with Zr(acac)4
complex.8
Percent bymass Grams of complex Ml ofNMP grams PA solution
Zr(acac)4 in PA Zr(acac)4 ~ 15.5% solids
2 0.02 4.0 5.0
4 0.04 6.5 5.0
6 0.06 7.0 5.0
8 0.08 7.5 5.0
10 0.10 8.0 5.0
The amount of complex needed for preparing the solutions, using as basis 5g of
the polyamic acid, were calculated using the following 2 equations:
ZrMole% = (moles Zr)
(moles Zr + moles PA)
(V
%Zr(acac)4= moles Zr(acac)^
(moles Zr + moles PA)
to simplify moles Zr(acac)4= moles Zr
moles Zr = (% Zr) x (moles Zr + moles PA)
(% Zr) x (moles PA) = moles Zr (1- % Zr)
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moles Zr= %Zr x (moles PA)
(1-%Zr)
g Zr = %Zr x (moles PA) x MW Zr(acac)4
(1 - % Zr)
gZr= %Zr x a PA x MW Zr(acac)4
(1 - % Zr) MW PA
g PA = (g solution) x ( % solids)
Therefore:
g Zr(acac)4 = 487 x %Zr x a solution x % solids (2)
(1-%Zr) MWPA
Equation 2 calculates the amount of the complex in grams from the
rearrangement of equation 1 and the conversion of moles to grams. The 487 is the
molecular weight of the complex and the percent of solids come from the fact that the PA
is in a solution of PA and NMP solvent, obtained from Dupont. From empirical
observation, the dilution volumes include 1-2 ml of solvent to make solutions less
viscous and make the films easier to prepare.9
After the Zr solutions are made they are added to the PA solutions, mixed well
and allowed to stand for about 30 minutes. This standing allows the solution to attain the
perfect viscosity to prepare the films. After heating at 1 00 C for 1 hour, 200 C for 1
hour and 300 C for another hour13 the 2% Zr/PA becomes 2% Zr/PI. Once the films are
on the substrate they are exposed to the imidization process.
The substrate surface is cleaned before the solution is applied to reduce the
presence of dust particles or impurities that might affect the film preparation. After the
surface is clean, layers of tape are applied at both sides of the substrate, making a
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channel in the middle of it. The amount of tape applied to the substrate determines the
thickness of the film to be obtained. After the tape is in place, the polyamic acid solution
is poured into the channel between the two layers of tape and spread using a glass
slide that is run from side to side over the tape layer. See Figure26. The amount of
solution applied to the glass slide is close to 2g from the 5g prepared.
Tapft
Sample
_Iape_
Figure 26. Technique to make films over glass substrate.
The glass slide is moved from one end to the other using a clean slide for each
pass. This procedure reduces nonuniformities and removes more sample than expected
due to surface tension. After the third or fourth pass the slide should be clean i.e., no
polyamic acid should be observed adhering to the slide. The film produced is observed
visually and when it seems to be uniform enough, the strips of tapes are removed.
Then, the substrate containing the film is ready for imidization.
Some steps are needed in this procedure, such as the film has to be heated for
at least one hour at each temperature and not removed from the furnace to assure its
complete imidization. Also, a rack was made in order to have all samples exactly
horizontal and made at the same time in order to reduce errors caused by different heat
treatments of the samples.
Heating for less time will reduce the film's tensile strength properties. The time
required to change from one temperature to another is not included in the heating times.
Another precaution is to exercise care when removing the substrate from the furnace
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because sudden changes in temperature might cause the substrate to break and generate
deformities or cracks in the film produced. After the samples are heated at 300 C for one
hour, they are left inside the oven after the oven is turned off until the temperature drops
to around 200C.
When the film is formed it can be removed from the substrate by two methods;
method one consists of soaking the sample in water. Because of the affinity of water for
the glass surface, the film peels off of the mirror. Films obtained in this way are easier to
handle and come off in one piece. The other technique consists of peeling the film using
a razor blade. This method causes the film to roll over itself and might cause breaks at
different points. The first technique is preferred. It is observed that cutting the samples to
the desired size while they are attached to the substrate is better than preparing them
from free standing films, because they are easier to handle.
To obtain the thickness of these film samples, the first method used was Infrared
Analysis (IR). The instrument used was a Perkin Elmer 681 IR. A film sample was put in
the trajectory of the light beam and the interference pattern generated by the film was
recorded in a plot. From the spectrum generated, the thickness of the film was
calculated using the following formulas
b =(m/2Ti)(1/(o,.a2)) (3)
b =(m/47cn)(X1X2/(VA.i)) (4)
where m: number of fringes between ai,o2 or h,X2
t\: index of refraction (1 for air, 1 .6 for polystyrene).
a : wavenumbers (cm1)
X: wavelength (u)
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First, a known sample of polystyrene is used as a standard for calibration. Since
we know the value of the thickness for the polystyrene film any correlation factors can be
determined for the unknown before it is analyzed.
A second method for measuring the thickness of films is the gravimetric method.
Here a film of known dimensions is placed in a beaker full ofwater. Since the film is
more dense than water it goes to the bottom. Another solution is prepared that has a
density higher than water and higher than the film's.
The solution made was one of potassium iodine (Kl). When the solution of Kl is
added to the beaker with water and the film, the film will start floating in the solution until
the density of the film equals the density of the solution. At this moment the film will be
suspended in the solution. Mathematically the thickness of the film can be determined
from the following equations:
pf= massf = massf (5)
where: pf = density of the film
w = width of the film
I = length of the film
h = height of the film
pf = mass solution (6)
vol solution
massf = mass solution (7)
wTh vol solution
31
Rearranging we obtain:
h = vol solution x massf ^
mass sol x I x w
"
A third method, and the preferred one, was profilometry, because it is faster and
very accurate. Once the films are obtained, their thickness is measured using a
profilometry instrument. See Figurel 1 . A Sloan Dektak is used. This is an instrument for
measurement of surface profiles and surface elevations from a minimum of 25 Aup to a
maximum of 1 ,000,000A. In this method, films on a substrate are placed over a
movable platform, where a spindle lays on top of the film. When the platform moves it
will cause the spindle to move over the film surface until it reaches its edge and falls
onto the substrate surface. There is no special sample preparation other than to have a
nice cut edge in the film.
The fall over the edge is recorded on a chart and the reading is then converted
to the thickness of the film using the appropriate conversion factors. Several points are
taken all over the film to observe its thickness variation.
Once the films were prepared and their thickness measured, they were cut using
the following dimensions: six inches long by half an inch wide. These dimensions were
the required size for mechanical testing and convenient for plasma ashing.
The best time to cut the samples is while still adhered to the substrate. Using a
sharp razor blade the film is then cut to the desired dimensions. After the samples were
cut, they were stored in vials to avoid water absorption. Before any testing is done the
films were placed in a vacuum for 24 hr to remove any water collected in the surface of
the films.
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Error Propagation for film thickness20,21
No matter how well the measurements are taken, there are always uncertainties
in the final results due to a wide range of errors. Some of these errors are systematic
and others are random.
Systematic errors are due to equipment setup or procedure and it shows when a
value is far from the others. The only way to see this is when you compare the value with
a theoretical one.
Random errors, on the other hand, can be measured and are usually a good
measure of the range of reasonable values associated with a measurement or
calculation.
In most experiments you measure more than one thing, some errors might
cancel out while others are additive. Since the primary goal of most experiments is to
calculate the final result from the experimental measurements, the error must be
propagated along with the experimental value, so that the final answer contains an
uncertainty value.
Some measures of random errors are: instrument limit error, estimated
uncertainty and estimated uncertainty in repeated measurements. In our set of
experiments, the error can be either instrumental or estimated uncertainty in repeated
measurements.
This error can be calculated by taking half the difference from the extreme
values taken, like maximum or minimum values.
Error(uncertainty)=1/2(xmax-Xmin) x:variable in question (9)
33
This error was seen when taking the film thickness using the profilometer. The
systematic error comes from lifting and releasing the needle for the multiple
measurements. For our case, the error will be:
Error(uncertainty)=1/2(xmax-xmin)|a.m (10)
Mechanical Testing
Sample sizes follow ASTM standards and industry testing techniques used by
Dupont. Distance between grips is not less than 1 in, chart speed and rate of elongation
are set to 20 mm/min and 2 mm/min. Sample dimensions are 0.5 in width, between 4
and 6 inches in length and thicker than 1 mil. Parameters used resemble also the ones
found in the literature.19
The grips used were the pneumatic ones because they give a superior grip. A
minimum of 3 samples for each different film concentration were analyzed. The values
for the three samples of each concentration were then averaged to obtain the values of
tensile strength and ultimate strength.
The following equations were used to calculate the stress and strain of the films:
stress = load I area = loadQb) I (thicknessjiim * width)
(11)
strain = A/ l0 Al=change in length (12)
strain = readingQn) 1 50.8
l0= original length
(13)
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stress
~
(kg) * 2.2 / (width * thickness ) ~ x(lb) I (w* t) (14)
Plasma Ashing
The operation of the plasma asher consists of loading the object to be
processed, evacuating the reaction chamber, applying the process gas and applying the
energizing RF power. The RF amplifier must be resonated and power level adjusted to
the appropiate level to give a stable, high flux plasma. Upon completion of the process,
the RF power switch is turned off. The power must remain on in order to return the
chamber to atmospheric pressure.
The films were cut as coupons (pieces) of about 0.5x 0.5 inches and placed on
the center of a quartz boat on top of glass slides. The position of the samples in the boat
corresponds to the sweet spot of the chamber. The sweet spot is 1 inch away from the
door and provides the best exposure to atomic oxygen. The gas used was oxygen.
Samples were exposed to the atomic oxygen plasma and monitored at different
intervals of time. After these intervals the films were placed for 5 minutes in a vacuum
desiccator to remove water adsorbed in their handling, and then promptly weighed.
Analyses were performed in triplicate to compare the behavior of films containing 2-10
mole-percent complex and to correlate this behavior to that of commercial film. The
weights and times used in the results section (See Figures 63,64,65) were based
on:
weight : weight sample - weight glass slide (1 5)
time: minutes
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Normalization(due to different original weights):
weight : weigh sample / original weight (16)
time: minutes
Scanning Electron Microscopy and Energy Dispersive Techniques
For Scanning Electron Microscopy and Energy Dispersive Spectroscopy, films of
1 cm diameterwere prepared and mounted onto a stub that is coated with a silver paint.
The mounted films were placed in a furnace for 15 minutes to evaporate the solvent in
the paint and then sputtered with gold to obtained a coating of about
100A thick on top
of the film to make it conductive. For the normal scan the instrument was set at
Beam voltage 30 Kev
grain size 500|j.m
line time 64 msec
# lines 500
SED 1 0x volts
Grid +275 volts
Gain 700 volts
Brightness and contrast were set visually to obtain a good balance in shades for taking
the pictures.
For the X-ray analysis, the sample was tilted
30 in order to collect a better
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distribution of rays coming out of the sample. The energies per channel were set at 40
volts. The Kewer chamber was filled with fresh liquid nitrogen (LN2) at least four hours
before performing the experiment. The energy range used was of 20 KeV and the data
was collected for about 200-500 seconds.
To obtain the energies of certain peaks, the cursorwas positioned upon the peak
of interest and the required key in the instrumentwas pressed. Also, when a certain
element of interest is entered to the computer, the software will identify the peaks related
to that particular element. This was done particularly for Zr and Au. Using the data group
function, the spectrum of the film containing the additive was compared to the one with
no additives. Peak identification was accomplished using an energy versus element
chart.
Optical Microscopy
Samples for Optical Microscopy do not need any special preparation, but
handling it with gloves is necessary not to leave fingerprint marks in the surface. The
samples were observed at about 100x magnification and under brightfield and darkfield
conditions. Films tested were imidized polyamic acid with from 2-10% complex. Images
were scanned and stored. No manipulation in colors was made.
Atomic Force Microscopy
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For Atomic Force Microscopy, small films were mounted on glass slides and
taped at the edges to reduce misplacementwhen the instrument is operating. Samples
of 2-1 0% complex were also studied under tapping mode. Areas of 1 00 urn by 1 00 urn
were scanned. Roughness studies were performed in the smooth and feature areas of
the films.
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Chapter 3. Results
This chapter includes the experimental results.The intent of the chapter is only to
show the data obtained during the work. All description or discussion of these results
will be done in Chapter 4.
Film Thickness
After preparing the films of Zr(acac)4/PI, three techniques were used to measure
their thickness:
I) Diffraction
ii) Gravimetric
iii) Profilometric
Infrared (IR)
From the spectra collected for the standard and unkown samples the
numbers of fringes were counted and the thicknesss calculated from
equations (3), (4).
For standard,
ar 2000
G2: 1600
m: 5
TV 1.6
b = .0039 cm = .039 mm; the reading was in close agreement to the expected
value of 0.040 mm.
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For unknown:
b (cm) = m/2r| - 1/ (oyo,) cj-. 2000 cm"1
a2: 1600 cm"1
m: 3
ti: 1.6
b = 0.0023 cm = 0.023 mm + 0.001mm correction =0.024 mm
See Figures 27-28 for spectrum.
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Figure 27. IR Spectra of Polystyrene from 2000-1300 wavelength.
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Figure 28. IR spectrum of Zr/PI film from 2400-2300 wavelength.
Gravimetric method
This technique is more accurate than the IR method since it takes into account all
the dimensions and weight of each film.
From equations 5 to 7
pf= massf/volf = mass f/mTh (5)
pf= mass solution/vol solution (6)
beaker mass: 62.78 +/- .001 g
dimensions of film: 1 .8mm x 1 .9mm
mass of film: 0.023g +/- .001 g
mass of beaker plus water: 203.26+/- 1g
volume of solution: 225 ml
pf =(maSSbeaker+water-T|assbeaker )/VOlumeso|ution
pf = (203.26-62.78)/225=1.12 +/-.01
g/cm3
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h = .023g/(1.12g/cm3*1.8cm*1.9cm )
= 0.006 +/- .0001 mm
Profilometry
For this technique a standard was run first. The standard consisted of a gold
pattern of known thickness of 9.1 1 kA. From the instrument:
1 .8 div | (5000A/div) = 9.0A
This is a discrepancy of about 1 % which represents a good accuracy for the instrument.
For the same film analyzed by IR and gravimetric the reading was 0.059 mm
Results for variation in 20 readings in one film for the profilometer measurements:
average: 72.84 ^m
error propagation: 3.8 \im
thickness: 72.84 +/- 3.8 urn
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Scanning Electron Microcopy:
The SEM study of the films was divided in four parts. The first was to look at the
surface of films pure and containing 2-10 % weight of the additive.
1 . Surfaces of pure films looks very smooth and featureless. A flake in the film crack
resembles very much the rest of the film. See Figure 30. The right side of figure
30 shows the smooth film and the left side is just the silver coating material on
the film. Figure 31 shows a top view of the film at 80X. The white features on top
are flakes from the cross reference made on the film surface.
Figure 29. SEM picture at 80x and 30 tilt of pure film. Left side shows silver paint
coating.
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Figure 30. Flake at a crack on a pure film at 80x,0 tilt.
Figure 31. Top view of a pure film at 5000x and
30 tilt.
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2. For films of two percent additive, some sort of features start to develop.
These features are disperse in the surface of the film. See Figure 32. As
seen on Figure 33 the features seem to have a spherical shape but Figure 34
resembles an agglomeration of features together.
Figure 32. Surface view of a 2% Zr/PI film at 80x.
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Figure 33. 1250x and 30 tilt picture of feature in 2% Zr/PI Film.
Figure 34. Picture of a clustered feature in a 2% Zr/PI film at 1250x and 30.
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Films of four percent shows the same type of features as the two percent
ones but a bit smaller and surrounded by a more smooth surface. Figure 35
shows the surface of the film and Figure 36 shows the features. Figures 37
is another view of a film surface near a crack.
Figure 35. Surface view of a ZR/PI film at 80x.
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Figure 36. Picture of a feature on surface 4% Zr/PI film at 1250x and 30 .
Figure 37. Surface view of a 4% Zr/PI film at 5000x and 30 tilt.
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Films of six percent have the same behavior as the last two but the number
of clusters is higher. Figure 38a shows the surface of the film and a
scratch along the lower right corner, the surface is smooth with the features on
top of it. Figure 38b shows a closer look of an area with clustered features
and flakes of film.
Figure 38A Surface view of 6% Zr/PI film at 80 x and 30 tilt
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Figure 38B. Feature on a 6% Zr/PI film surface at 1250x and 30 tilt.
5. For eight percent films looking into areas similar to the rest of the films,
we see quite similar behavior like the four percent film. See Figure 39. The
feature shape is quite spherical and only a small number of features are
present per unit area. A crack flake resembles the one for pure films but is
smaller and brighter. See Figure 40. Figure 41 is a surface view.
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Figure 39. Particle on top of a 8% Zr/PI film at 1250x.
Figure 40. Flake on a crack of a 8% film at 80x and
30 tilt.
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Figure 41. Surface view of a 8% Zr/PI film at 80x and 30 tilt.
6. The ten percent films, the highest concentration of additive tested, shows a
bigger, spherical feature tapered at one end. See Figure 42a. Figure 42b
is a surface view and shows a very smooth featureless area, more than for the
films with lower percentages of additive. Figure 43 is a view of a crack.
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Figure 42. (a) Feature in a 10% Zr/PI film at 1250x 35 tilt, (b) Surface view of a 10%
Zr/PI film at 80x and 30 tilt.
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Figure 43. View of crack area in a 10% Zr/PI film.
A second study using the SEM was to look at the top and bottom surfaces of the
films and notice any differences. See Figures 43 to 45. The results shows no difference
between them and that the top and bottom have similar amounts of particulate
conglomeration present.
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Figure 44. Bottom view of the surface of a 10% Zr/PI film at 80x.
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Figure 45. Bottom view of the surface of a 10% Zr(acac)4 film @ 80x and 0 tilt.
Figure 46. Top view of a 10% Zr/PI film at 80x.
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The third study was to determine the amount of features per area of film.
Table 2. Results of feature size study on ZR(acac)4/PI films for a fixed area of film.
% Sizes features Quantity Comment
Zr(acac)4/PI
Pure 0 0 smooth surface
2 4um 16 biggest feature
4 5-6um 3
6 10-12um 6
8 12um 8
10 40um 4 V
The X-ray analysis involves determination of the elements present in a film of
10% Zr(acac)4/PI in a smooth area and one with a feature, both in the same film. See
Figures 46 to 48. The elements determined to be present were obtained by
superimposing the feature area spectra over the smooth one.
Table 3. Table of elements present on a 10 % Zr(aca)4/PI film on feature area after imposing over area
with no features
Energies intensities(Kev) Elements on feature
1.26 Mg
1.52 Al
1.76 Si
2.14 Zr or Au
2.64 CI
3.34 K
3.70 Ca
4.54 Ti
7.52 Fe
8.06 Cu
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Figure 47. Spectrum of PI film containing 10% Zr(acac)4 additive in feature area
showing ZR peaks.
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Figure 48. Spectrum of PI film containing 10% Zr(acac)4 additive in feature area.
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Figure 49. Spectrum of 10% Zr/PI film over spectrum of pure film.
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Optical Microscopy
The optical microscopy study involved the study of films at different steps during
the imidization process. The films were photographed under bright and darkfield
conditions. Heating steps were:
1. Films heated at 100C. See Figure 49 for pure film, Figure 50 for 10% film.
2. Films heated at 300C. See Figure 51 for pure film, Figure 52 for 10% film.
3. 2% film Figure 53, 4% film Figure 54, 6% film figure 55, 8% film figure 56.
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Figure 50. Optical microscopy picture ofa film without additives previously heated at 100C (top:
brightfield , bottom: darkfield )
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Figure 51. Optical Microscopy picture ofa film with 10% Zr(acac)4 at
100 C (top: brightfield .
Bottom: darkfield.)
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Figure 52. Optical microscopy picture ofa film without additives at 300C (top: brightfield
bottom: darkfield. )
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Figure 53. Optical microscopy ofa 10% Zr(acac)4 film at 300C (top :brightfield bottom: darkfield) .
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Figure 54. Optical microscopy picture of a 2% Zr(acac)4 film (top:brightfield, bottom: darkfield).
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Figure 55: Optical microscopy picture ofa 4% Zr(acac)4 film (top: brightfield bottom: darkfield).
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Figure 56: Optical microscopy picture of a 6% Zr(acac)4 film (top:brightfield, bottom:darkfield).
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Figure 57. OpticalMicroscopy picture of a 8% ZR(acac)4 film (top: brightfield bottom: darkfield)
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Atomic Force
The study involves PI films of 4-10% additive as well as pure PI film. The images
are of the top surface of the film and also include a roughness analysis of the surface.
1 . 4% Film. See Figure 60.
2. 6% Film. See Figure 59.
3. 8% Film. See Figure 61 .
4. 1 0% Film. See Figure 62.
5. Pure Film. See Figure 58.
Table 4. Roughness analysis of films using AFM.
Percent of Zr(acac)4 Image roughness (nm)
Pure 5.98
4 47.191
6 806.47
8 923.69
10 268.67
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Figure 58. Surface image of a pure PI film without additives.
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Figure 59. Image of a 6% Zr/PI film surface.
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Figure 60. Surface image of a 4% Zr/PI film.
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Figure 61. Surface image of a 8% Zr/PI film.
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Figure 62. Surface image of a 10% Zr/PI film.
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Oxygen Plasma Resistance
The study involves the following runs:
1 Comparison of home made film with commercial films. See Figure 63.
2. Behavior of 2-1 0% films. See Figures 64a, 65.
3. Behavior of Pure films. See Figure 64b.
The first thing we were able to do with the films was to compare a commercial
film with the pure ones made in house. From these results we see that the erosion of the
commercial films is very similar to the ones made in house. The erosion of the films
containing the Zr(acac)4 shows the formation of a white layer over the 2-1 0% films. The
white layer gets denser as the percent of the additive increase.
Weight vs. Time
coupon
sample 1
sample2
240 384 804 1074 1134 1254 1434
Time(min)
Figure 63: Atomic Oxygen erosion behavior of in house film vs. commercial films.
Coupon means commercial made and sample means a particular run.
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Figure 64. (a) Atomic oxygen erosion behavior of 0-10% Zr/PI films (b) Atomic
force for 4 different runs of a pure film.
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Figure 65. Behavior of 0-10% Zr/PI films. Weight normalization.
Mechanical Testing
In here three different types of analysis were performed:
1 . Pure in house prepared films, tensile strength behavior. See Figure 66.
2. Behavior of 2-10% additive films. See Figure 67.
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Stress vs. 3rain
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Figure 66. Mechanical behavior of an inhouse made pure film.
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Figure 67. Chart of tensile strength vs. percent of additive. The purple squares
represent the upper error limit, the yellow ones the lower error limit and the blue
ones the average value for each particular percent of additive.
3. Heat treatment third step (300C) at 1 hr, 1 hr 20min, 1 hr 35 min. See Figure 68.
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Figure 68. Mechanical behavior of heat treated pure film, (a) 1 hr (b)1hr 20 min
(c)1 hr35 min.
Comparing the tensile strength of the in house prepared pure film with the
commercial ones we see a noticeable difference in the strength. It is about 40% lower
than the value obtained from Dupont
literature,17
a value of 21 kpsi vs. 15 kpsi for home
made films. We observed that when we add the Zr(acac)4, the tensile strength of the
films decrease. One point to observe is that the values of tensile strength are lower than
those obtained in earlier runs. Repetitions were made and the same tensile strength
values obtained.
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Chapter 4. Discussion
This chapter covers the discussion of experimental results presented in chapter
3. Also includes an interpretation of these results.
Sample Preparation
The most important step in the testing of the samples with and without the
Zr(acac)4 complex is the way the samples were prepared and that's why some
precautions were taken. All samples were made in the same way. A rack was made so
all samples could be imidized at the same time. After the imidization process was
finished and samples were cold, they were cut to the required dimensions using a new
blade for each substrate and then, for the peeling process, samples were submerged
underwater for about 1 0 minutes. Since films have more affinity for the water than for
the substrate, they peel off by themselves without any problem. Once the samples with
the required dimensions were obtained, they were stored in vials to reduce the
probability of absorbing moisture from the atmosphere. Several techniques were used to
determine the thickness of the prototype films, but only profilometry was performed on
each film sample because of its ease of operation and reliability. Gravimetric techniques
correlate with profilometry values. Due to inconsistency in determining peaks from the IR
technique, these results were discarded. These problems with IR were due to the
nonuniform film thickness.
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Mechanical Testing
The following observations can be made based on the data collected for
mechanical testing:
1 . The 40% lower strength observed for in house prepared film vs.
Dupont prepared Kapton can easily be attributed to the way the films were
made. Based on conversations with Dupont19, they prepare the films in a
differentway than we do. They add an extra heating step of 400C for one extra
hour after the 300C one and then they anneal the resulting film. The films
made at home all measure to an average value of tensile strength of
12.5 kpsi.
2. Since the objective is to compare the behavior of the tensile strength as we
increase the percent of the additive, the values were used and compared
within themselves. Comparing the values, a 10% of Zr(acac)4 additive causes a
decrease of tensile strength of about 50%. It is noticed that the tensile
strength of films of 4% and 8% are a little higher than 6% and 10% ones. See
table # 5. The decrease in tensile strength can be attributed in my opinion to the
interaction of the additive with the polymer chains of the PI film, as we see when
we introduce impurities to a polymer.
Table 5. Tensile strength of films with Zr(acac)4
% Zr(acac)4 Tensile strength (psi) % decrease strength
Pure 3409 +/- 633 -
2 2982+/- 695 12
4 2010+/- 599 41
6 2035+/-681 40
8 1422+/- 391 58
10 1646+/- 447 51
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3. In conjunction with observation #1 , a heat studywas made before knowing the
way Dupont made their films, by taking the 300C step and increasing the time
by 20 and 35 minutes and comparing the resulting film strength with the regular
one hour run. From the results we see that increasing the amount we heat the
films in the last imidization step doesn't increase the tensile strength of the films
by much.
Plasma Ashing
1 . The difference in plasma AO erosion rates results from the difference in
making the films, i.e. the extra heating, annealing step after the 200C step
during imidization. This is because the annealed films are more
uniform than the in house made ones.
2. We can observe that as we increase the percent of the additive, the rate of
erosion decreases and more film is left after about 1480 minutes on later runs.
Because of all the precautions and careful handling, the later run is more
representative of the behavior of the films with additives.
Table 6. Comparison of atomic erosion on films 0-10% 2r(acac)4 additive.
Percent Zr(acac)4 Weight (g) after 1 149 min
Beginning end
Percent erosion Erosion
rates(g/min)
Pure .02930 .0053 99.18 2.50e-5
2 [ .03015 .0210 69.70 2.62e-5
6 .00970 .0028 28.90 8.44e-6
10 .00800 .0020 25.00 6.96e-6
3. We can observe that as we increase the percent of the additive the rate of
erosion decreases and more film is left after about 1480 minutes on later runs.
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Scanning Electron Microscopy and Energy Dispersive Microscopy
The first surface test of the films was SEM and EDS. This study was to determine
how the film surfaces changes, what elemental composition the films have, and to see if
the films have a disperse concentration of the Zr(acac)4 additive all over the film or if it is
localized.
We expect to see a smooth surface on the films made with and without the
additive and as we started testing the pure films that is what we saw. It is only when we
started to test the films of 2-10% Zr(acac)4 that we saw that the surfaces are not really
as smooth as expected. A particulate feature conglomarate is observed randomly
distributed on the surface of the film. These features do not have definite shape but in
some cases resemble a sphere. The logical thinking was that if something changed it
must be the addition of the additive and that the number of features must increase as the
additive concentration increases. Since that is not the case, because in some cases the
higher concentration films seem to have lower number of features than the lower
concentration ones, there must be another phenomenon occuring.
Knowledge of the elemental composition of the films and features was expected
to increase the understanding of what is happening. From the EDS analysis (as shown
in Figure 47-49) we see that the features contain Zr present in them as well as other
elements not present in the composition of the complex, presumed to be contamination.
The smooth areas of the film contain the Zr but not the other elements. Knowing the
features'
origin is very important and crucial to understand the changes in properties of
the PI material. One thing believed to be taking place, is that the features come from
either the reaction of the Zr(acac)4 with water produced in the reaction process of
converting the PA into PI (see Figure 68) or by impurities present in the complex of PI
solution. Since we know that the complex had to pass a purity check and that no impurity
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was seen in the smooth area of the film the second alternative was discarded. One other
possibility is that the impurity is introduced during film preparation, e.g. from the ovens or
it is present in the glass slides.
Hydrolisis
Zr(acac)4 +Hacac Zr(OH)4
1 heat
Zr02 +H20
Figure 69. Reaction ofwater with Zr(acac)4 complex during the imidization
process.
A SEM/EDS study of the top and bottom part of pure PI and 10% Zr/PI film was
made to see if there was any difference between them. Since there was no apparent
difference in the number of features on the top and the bottom of these films, whatever is
causing this feature formation is occurring all through the film regardless of its location.
This observation favors the hydrolysis of Zr(acac)4 due to imidization vs. the ovens or
glass slides as sources of contamination.
From the SEM/EDS study it was not clear why this feature formation is occurring.
Other possibilities come to mind. One possibility is that the impurities come from the
solvent since it is only 99.9% pure and the impurity may not be detectable, and another
is that the element's peaks overlap with one another and we are confusing elements not
present with others that should be, including dust and substrate. The impurity present
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seems to be related to the precipitation and nucleation of the complex, since impurities
accelerate precipitation.
Optical Microscopy
Films were made to see if the features form before or after the imidization
process. For this the optical microscope was used. From this experiment itwas
observed that the features are present even in the lower temperatures and there is
practically no change when going to the higher temperatures during imidization. The only
noticeable change was in the color of the films, but thatwas expected from the reaction
thatwas occurring. This observation suggests that hydrolysis of Zr(acac)4 occurs from
water in the solvent reacting with the complex, and notwater produced by imidization.
Films without the additive show that they are very smooth (visually) and no change from
the lower to higher temperature is seen.
The dark features observed in the 10% Zr/PI films show that the features present
at 100C get darker in color at 300C. This darkening could be due to the initial Zr
hydrolysis product forming Zr oxide or to the features being embedded in organic
material which is imidizing.
Darkfield pictures show the features which scatter light are different than the
polymeric material and are rough. The rest of the films look black because they have
smooth surfaces. The white spots in the black area shows that the features have some
type of crystalline formation.
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Atomic Force Microscopy
Using Atomic Force Microscopy gives a different surface analysis of the films and
also tell us the roughness of the surfaces of the film. From the analysis we see that the
smoothness of pure films to a 5.98 nm roughness. Also the surfaces show lines along
the surface that run from side to side and are due to the way films were prepared. This
also will account for part of the roughness of the film. Films containing additives show
features similar to the ones observed in SEM studies and they look very circular and
spherical in 3-D view. This shape suggests that the additive is surrounded by the
polymer, i.e. PI. Also we see that there are small features that are not spherical in shape
but seem to be coming from the additive too.
Looking into the roughness study we see that pure films are very smooth and
that if they had been prepared better (using Dupont techniques) they would have been
featureless. As we increase the additive, the roughness also increases until we get to a
10% of additive added where the roughness drops. This observation suggests that the
roughness of the film is not exclusively related to the amount of feature present.
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Chapter 5. Conclusion
Looking back to the objective of the research, to examine the effects of
adding an inorganic additive to the polyimide polymer, we can conclude the following:
The addition of the Zr(acac)4 to the Polyimide polymer does in fact change its
physical properties. Taking as reference the 10% ZR(acac)4 addition we see
that its tensile strength is reduced about 50% and that its resistance to
monatomic erosion is increased about 70-75%.
The addition of the inorganic additive causes the formation of some type of
features which contain Zr. This additive also is found in the rest of the film
where the features are not present as it was shown in the EDX study. This
means that the additive is well dispersed into the polymer.
The origin of the features is not well known but it seems to have to do with
water coming from the solvent, and possibly from the polymer during
imidization. These impurities seem to cause nucleation of the additive
causing the features to form.
The addition of the inorganic additives does not determine how rough the
films are but we believe that they are a factor. The way films are prepared
also affects the roughness in the films, as demonstrated in film preparation
section.
There is still more work to be done to determine the feature's origin, but this work
in part answers the questions postulated in the objectives. This work could be
followed by more SEM/EDX on Zr(acac)4-PI films before and after AO exposure,
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and the features could be characterized more using EXAF's to determine Zr's
chemical environment by comparison to known Zr compounds.
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